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Protein I-Domain by Urea BindingRebecca L. Newcomer,1 LaTasha C. R. Fraser,1 Carolyn M. Teschke,1,2,* and Andrei T. Alexandrescu1,*
1Department of Molecular and Cell Biology and 2Department of Chemistry, University of Connecticut, Storrs, ConnecticutABSTRACT The I-domain is an insertion domain of the bacteriophage P22 coat protein that drives rapid folding and accounts
for over half of the stability of the full-length protein. We sought to determine the role of hydrogen bonds (H-bonds) in the un-
folding of the I-domain by examining 3JNC’ couplings transmitted through H-bonds, the temperature and urea-concentration
dependence of 1HN and 15N chemical shifts, and native-state hydrogen exchange at urea concentrations where the domain
is predominantly folded. The native-state hydrogen-exchange data suggest that the six-stranded b-barrel core of the I-domain
is more stable against unfolding than a smaller subdomain comprised of a short a-helix and three-stranded b-sheet. H-bonds,
separately determined from solvent protection and 3JNC’ H-bond couplings, are identified with an accuracy of 90% by
1HN tem-
perature coefficients. The accuracy is improved to 95% when 15N temperature coefficients are also included. In contrast, the
urea dependence of 1HN and 15N chemical shifts is unrelated to H-bonding. The protein segments with the largest chemical-shift
changes in the presence of urea show curved or sigmoidal titration curves suggestive of direct urea binding. Nuclear Overhauser
effects to urea for these segments are also consistent with specific urea-binding sites in the I-domain. Taken together, the results
support a mechanism of urea unfolding in which denaturant binds to distinct sites in the I-domain. Disordered segments bind
urea more readily than regions in stable secondary structure. The locations of the putative urea-binding sites correlate with
the lower stability of the structure against solvent exchange, suggesting that partial unfolding of the structure is related to
urea accessibility.INTRODUCTIONCapsid shells that protect viral genomes are assembled from
multiple copies of coat proteins with highly conserved folds
(1–3). The HK97-fold, named after the first known struc-
tural example from Hong Kong 97 virus (4), is shared by
the coat proteins of tailed double-stranded DNA viruses
and phages that form capsids with diameters ranging from
45 to 187 nm (1,5). The HK97-fold is found in the coat pro-
teins of more than 40 phages and viruses, including P22, l,
T7, and Herpes simplex virus 1 (1). Presumably to increase
their functional versatility, some of the coat proteins based
on the HK97 motif contain additional inserted domains
(I-domains) (1,6–10).
The I-domain from phage P22’s coat protein, the subject
of this study, has a bipartite structure consisting of a six-
stranded, Greek key, b-barrel core flanked by a smaller
accessory subdomain comprised of three short b-strands
and an a-helix (8). The b-barrel of the I-domain shows
structural homology to the b-barrel from a translation factor
domain (8). Like the I-domain, the translation factor domain
has a smaller subdomain consisting of a short a-helix andSubmitted August 19, 2015, and accepted for publication November 6, 2015.
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0006-3495/15/12/2666/12three b-strands. In contrast to the structurally homologous
b-barrels that superpose with a backbone root mean-square
deviation of 2.6 A˚, the smaller accessory domains are not
structurally conserved (8). Two long loops, called the S-
and D-loops (6,8), are disordered in the isolated I-domain
and in the full-length coat protein, but become structured
to form salt bridges between capsomers when the coat pro-
tein assembles into capsids (8). In addition to its role in
capsid assembly, the multifunctional I-domain acts as a
folding nucleus and stabilizes the full-length coat protein
(11). The I-domain is the site for many of the P22 coat pro-
tein mutations that confer a temperature-sensitive folding
(tsf) phenotype, allowing coat protein folding and assembly
at permissive temperatures but causing coat protein aggre-
gation at higher temperatures (8,12). We proposed that the
I-domain is an uncleaved intramolecular chaperone that
functions via thermodynamic, rather than kinetic, control
of folding (13).
In an effort to better understand the folding properties of
the I-domain, we characterized hydrogen exchange (HX) as
a function of urea concentration under conditions in which
the native state is populated in excess of 99%. In this
approach, called native-state HX (NSHX) (14), amide pro-
tons exchange with solvent protons through transiently
formed partially or globally unfolded conformations that
become increasingly populated with increasing concentra-
tions of denaturant (14). The NSHX experiment thushttp://dx.doi.org/10.1016/j.bpj.2015.11.010
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and can identify partially unfolded states (14–17). In addi-
tion to the NSHX experiments, we investigated hydrogen
bonding (H-bonding) in the I-domain using 3D long-range
HNCO (lrHNCO) NMR spectroscopy (18), which identifies
H-bond donors and acceptors through small JNC’ couplings
transmitted through H-bonds (18–21). We also measured
the temperature dependence of 1HN and 15N chemical shifts
to obtain temperature coefficients that are predictive of
H-bonding (22–24).
Our analysis of the urea dependence of 1H and 15N
chemical shifts together with 3D nuclear Overhauser ef-
fect spectroscopy/heteronuclear single-quantum correlation
(NOESY-HSQC) spectroscopy suggests that the least stable
regions of the I-domain determined by the NSHX experi-
ment correspond to sites in the protein that most readily
bind urea. Rather than perturbing the solvent structure,
urea appears to actively drive unfolding by penetrating the
I-domain and disrupting H-bonds. Together, these studies
shed light on the stability hierarchy of H-bonded structures
in the I-domain, interactions between the I-domain and urea,
and how denaturants such as urea may unfold proteins.MATERIALS AND METHODS
Materials
I-domain isotopically enriched with 15N was expressed in Escherichia
coli BL21(DE3) cells containing the pET30b plasmid with an inserted
gene fragment encoding residues S223–V345 of full-length P22 coat pro-
tein (8,25). Samples for NMR experiments were purified as previously
described (8,25). D2O for HX studies (99.96%) was obtained from Cam-
bridge Isotope Laboratories (Tewksbury, MA). Urea (molecular biology
grade, >99% pure) was obtained from Fisher Scientific (Pittsburgh,
PA). The concentrations of all urea solutions were determined by refrac-
tometry (26).Urea denaturation by circular dichroism
Circular dichroism (CD) experiments were performed using a Pi-Star
180 spectropolarimeter from Applied Photophysics (Leatherhead, UK).
I-domain solutions were diluted to a final protein concentration of
0.2 mg/mL in 20 mM sodium phosphate buffer (pH 6.0) and mixed using
a Microlab 50 Titrator (Hamilton, Franklin, MA) to final urea concentra-
tions ranging from 0 to 6 M. Samples were incubated for 3 h at 25C,
and the CD signal was averaged for 20 scans at 220 nm using a 4-nm slit
width and a 2.0-mm-pathlength cell. DGspec-values were calculated using
a six-parameter nonlinear least-squares fit of the CD titration data as previ-
ously described (27).NMR spectroscopy
NMR data were collected on a 600 MHz Varian Inova spectrometer equip-
ped with a cryogenic probe. Unless otherwise noted, all NMR experiments
were performed at 25C with 15N-labeled samples of the I-domain in
aqueous (90% H2O/10% D2O) 20 mM sodium phosphate buffer, pH 6.0.
Proton shifts were referenced to internal 2,2-dimethyl-2-silapentane-5-sul-
fonate. Nitrogen shifts were referenced indirectly using a published proto-
col (28). Urea binding to the I-domain was investigated using a 200 msmixing time 3D NOESY-HSQC spectrum recorded with 1024 (1HN) 
32 (1H)  32 (15N) complex points and spectral widths of 8000 
8000  1920 Hz. NMR spectra were processed and analyzed using the
FELIX-NMR (San Diego, CA) and CcpNMR (29) software suites.NSHX
HX experiments were done at 25C on prelyophilized I-domain samples
dissolved in 99.96% D2O to a final protein concentration of 0.17 mM in
20 mM sodium phosphate, pD 6.0. 1H-15N HSQC spectra to monitor ex-
change were recorded with 1024 (1H)  100 (15N) complex points and
spectral widths of 7200  1404 Hz. To establish that the HX rates were
in the EX2 limit, HX data were compared at pH 6.0 and 7.0, both in the
absence of urea and at the highest 1.9 M urea concentration used for the
NSHX experiments. For the NSHX experiments, HX rates were character-
ized at urea concentrations of 0, 0.13, 0.23, 0.6, 0.8, 0.9, 1.7, and 1.9 M. For
each urea concentration, 25–36 1H-15N HSQC spectra were collected to
monitor HX as a function of the D2O incubation time. Total experiment
times ranged from 1.5 months in the absence of urea to 2 days at the
1.9 M urea concentration.
Exchange rates for each residue were fit to a three-parameter single-
exponential decay:
I ¼ I0 expð-kobstÞ þ C; (1)
where I0 is the initial peak intensity, kobs is the observed HX rate, and C
is the baseline noise of the spectrum. Fits were done with the program
KaleidaGraph version 4.1 (Synergy Software). In the EX2 limit, HX rates
can be described by a Gibbs free-energy difference relating the concentra-
tions of closed exchange-resistant and open exchange-susceptible confor-
mations (14,16,30,31):
GHX ¼ -RT lnðKexÞ ¼ -RT lnð½open=½closedÞ
¼ -RT lnðkobs=kintÞ; (2)
where R is the gas constant, T is the absolute temperature, kobs is the
observed HX rate constant, and kint is the intrinsic HX rate, which depends
on a number of factors such as pH, temperature, and the sequence of the
protein. The kint rates for a given amino acid sequence and set of experi-
mental conditions can be calculated with the SPHERE program online (32).Temperature and urea dependence of 1HN and 15N
chemical shifts
Experiments were performed on 0.6 mM 15N-labeled I-domain samples.
For the temperature titration, 1H-15N HSQCs were collected in 5 incre-
ments between 5C and 45C. For the urea titration, 1H-15N HSQC spectra
were collected at nine urea concentrations between 0 and 2.8 M. Based on
1H-15N HSQC spectra and CD spectroscopy, the I-domain remained >90%
folded at the largest urea concentration used. 1H-15N HSQC spectra were
recorded with 1024 (1H)  256 (15N) complex points and spectral widths
of 8000  1920 Hz. Temperature and urea coefficients were determined
as the slopes of linear fits of changes in chemical shifts with temperature
or urea.RESULTS
H-bonding and solvent-exchange protection in
the I-domain
To better understand the folding properties of the I-domain,
given its potential role as an intermolecular chaperone in theBiophysical Journal 109(12) 2666–2677
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structure in the I-domain using proton-deuterium HX. Fig. 1
shows representative HX data for the I-domain at pH 6 and
25C in the absence of urea. Of the 124 residues in the
I-domain, 60 have amides that are protected after 4 h in
D2O (Fig. 1 A). All protected amides are in the regular
H-bonded secondary structure of the I-domain (Fig. 2 A).
Seven amide protons are not protected but show crosspeaks
in the 3D lrHNCO experiment that are consistent with
H-bonds (Fig. S1 in the Supporting Material). Of these
Q234, F236, V278, and R325 form backbone H-bonds,
whereas those of G277, S319, and A326 are H-bonded to
side chains or unassigned backbone carbonyls. Another
four residues (I228, L281, A285, and T304) are not pro-
tected and do not show H-bond couplings in the lrHNCO
experiment, but are tentatively assigned to H-bonds based
on the I-domain NMR structure (Table S1). In total, 57 pro-
tected amides were sufficiently well resolved and long-lived
to enable determination of the exchange rates.
After 1 day in D2O, a subset of 38 amide protons sur-
vived, including representatives from all elements of the
secondary structure (Fig. 1 B). After 6 days of D2O ex-
change, a subset of 24 survived. All of the amide protons
from helix ai and strands bi and bii were fully exchanged
at this stage (Fig. 1 C), and strands b1 and biii had onlyBiophysical Journal 109(12) 2666–2677one remaining amide proton. After 39 days in D2O, only
11 amide protons persisted (Fig. 1 D). With the exception
of V313 in strand bii, the remaining amide protons were
from strands b2–b5 of the I-domain b-barrel core structure.
These protection data suggest that strands b2–b5 of the
b-barrel are particularly important for the overall stability
of the I-domain.
For thermodynamic information to be obtained, HX rates
need to be in the EX2 limit, where exchange is governed by
the equilibrium constant relating the populations of ex-
change-resistant and exchange-susceptible forms of the pro-
tein (30,33). By contrast, in the EX1 limit, HX is related to
the opening rates that generate HX-susceptible states, and as
such does not provide information about the stability of the
structure. The hallmark of the EX2 limit is a 10-fold in-
crease in HX rates with each increase of one pH unit above
pH ~4.5 (30). To verify that exchange was in the EX2 limit,
we compared HX data at pH 6.0 and pH 7.0 as described in
Materials and Methods. The logarithms of the HX rates at
pH 6.0 were linearly correlated with those at pH 7.0, with
a slope of unity and a y-intercept that corresponded to the
difference of one pH unit between the two data sets
(Fig. S2 A). These observations are consistent with ex-
change in the EX2 regime (34). In the presence of urea,
HX rates can move out of the EX2 limit as the proteinFIGURE 1 Representative 1H-15N HSQC
spectra used to monitor HX in the absence of
urea. Incubation times in D2O of (A) 4 h, (B) 22
h, (C) 6 days, and (D) 39 days. Signals from pro-
tected amide protons are labeled using the pub-
lished NMR assignments for the I-domain (25).
Correlations observed at lower contour levels
than shown are indicated by squares in (A). The
crosspeak for T264 (in parentheses) is folded in
the 15N dimension to optimize spectral resolution
(the actual 15N chemical shift is 102.84 ppm). To
see this figure in color, go online.
FIGURE 2 Structure, stability, and NSHX of the
I-domain. (A) NMR structure of the I-domain (8)
closest to the ensemble average. The six b-strands
of the b-barrel fold are colored blue to red and
labeled b1–b6. A smaller accessory subdomain
consisting of a short a-helix (ai) and three
b-strands (bi–biii) is colored in shades of orange.
Flexible segments with backbone 15N S2 order pa-
rameters of <0.85, including the D- and S-loops
(8), are depicted with gray tubes. (B) Urea unfold-
ing of the I-domain monitored by CD. Thermody-
namic parameters for the stability of the I-domain
against urea denaturation at pH 6 and 25C were
obtained from a nonlinear least-squares fit of the
data (red curve) to a six-parameter equation (27),
yielding DG0u ¼ 5.8 5 0.3 kcal/mol and m ¼
1.65 0.1 kcal/molM. The arrows show the high-
est urea concentrations in the native pretransition
region used for NSHX (1.9 M) and chemical-shift
(2.8 M) studies. (C) Representative HX decays for
the amide proton of residue S333 at the indicated
urea concentrations. The data were fitted to expo-
nential decay functions as detailed in Materials
and Methods. (D) NSHX isotherms for the indi-
cated residues, showing the urea concentration
dependence of DGHX. Uncertainties in DGHX
were propagated from the HX rates as previously
described (17).
I-Domain Hydrogen Bonding 2669becomes destabilized (34,35). Consequently, we verified
that the exchange rates obeyed the pH dependence expected
for the EX2 regime in the presence of 1.9 M urea, the largest
urea concentration used in the HX studies (Fig. S2 B). We
conclude that HX for the I-domain is in the EX2 limit at
pH 6.0 over the 0–1.9 M urea concentration range used in
this study.NSHX experiments indicate that the I-domain
b-barrel is more stable than the accessory
subdomain
Cooperative unfolding, local fluctuations, or both mecha-
nisms can lead to HX. In NSHX experiments, the mecha-
nisms are distinguished through the dependence of DGHX
(calculated from Eq. 2) on the denaturant concentration
(14). Even when a protein is >99% folded (Fig. 2 B), coop-
erative partial or global unfolding reactions will be pro-
moted as the denaturant concentration is increased,
whereas noncooperative local fluctuations or breathing
mechanisms will not depend on the denaturant concentra-
tion (14,16). When both noncooperative and cooperative
mechanisms contribute for a given residue at different
urea concentrations, HX shows a curved rather than linear
urea-concentration isotherm. The exchange rate is initially
denaturant independent at low urea concentrations, but it ac-
celerates at larger urea concentrations as cooperative un-
folding reactions are promoted by the denaturant (14,16).Fig. 2 C shows representative HX data for residue S333 in
the I-domain as a function of increasing urea concentration.
At all of the urea concentrations used for the NSHX
experiments, the protein stays native as monitored by CD
(Fig. 2 B). The HX rates for S333 increase with the dena-
turant concentration, indicating that its amide proton ex-
changes through a cooperative unfolding of the structure
around that residue. All of the isotherms measured for the
I-domain showed a linear dependence of HX rates on urea
concentration, as illustrated by S333 (Fig. 2 D), indicating
that exchange occurs through either cooperative unfolding
or noncooperative fluctuation events at individual sites,
but not through both mechanisms.
NSHX isotherms, as exemplified for residue S333
(Fig. 2D), can be used to extract thermodynamic parameters
that characterize the energetics of HX. The slope of the
isotherm is the mHX-value, a parameter that can be inter-
preted in terms of the cooperativity of the unfolding reaction
(36), or, alternatively, the change in surface-accessible
area between the folded exchange-resistant and unfolded
exchange-susceptible states (37). The y-intercept is the stan-
dard-state change in free energy extrapolated to zero dena-
turant concentration, DG0HX. For residues that have NSHX
isotherms with a measurable slope (e.g., nonzero mHX-
value), we will use the nomenclature DG0HX,u to indicate
that these residues exchange through a cooperative unfold-
ing process. We use the term DG0HX,f for residues with ex-
change rates that are independent of the urea concentrationBiophysical Journal 109(12) 2666–2677
2670 Newcomer et al.(e.g., mHX is zero within experimental uncertainty), to indi-
cate that exchange occurs through noncooperative localized
breathing fluctuations.
Fig. 3 shows the DG0HX- and mHX-values obtained from
NSHX experiments on the I-domain, which are summarized
in Table S1. The columns are color-coded as described in the
legend for Fig. 3. The gray horizontal bar at 5.8 kcal/mol is
the DG0spec,u obtained from equilibrium denaturation exper-
iments measured by CD spectroscopy. The black horizontal
bar at 7.2 kcal/mol is the spectroscopic DG0spec,u-value,
with corrections of 0.3 kcal/mol for the increased stabilityFIGURE 3 Thermodynamic parameters from the NSHX experiments. (A) DG
exchange rates with increasing urea concentration (e.g., see Fig. 2 C). The error b
residues with DGHX-values that are constant as a function of urea concentration
are H-bonded in the NMR structure but not protected in HX are represented by da
are H-bonded according to lrHNCO data but not protected by HX are demarked
DG0HX is demarked with black bars. The horizontal gray bar indicates the av
experiments monitored by CD. The horizontal black bar represents the spectros
and D2O contributions (30). (B) mHX-values for residues that exchange thro
DG0HX,u-values in (A). The horizontal black bar represents the spectroscopic m
shown at the top of each panel.
Biophysical Journal 109(12) 2666–2677of proteins in D2O (30), and 1.1 kcal/mol for the proline ef-
fect (the I-domain has three trans prolines and a cis proline at
position 310). The proline correction is necessary because
prolines have sufficient time to reach their cis/trans distribu-
tion in a conventional denaturation experiment, but not in an
HX experiment (30). Even after these corrections, DG0spec,u
is ~2–3 kcal/mol lower than the largest DG0HX,u-values ob-
tained for some of the residues in the b-barrel (Fig. 3 A).
An underestimation of DG0spec,u compared with DG
0
HX,u
has been observed for other proteins (17,30,34). Possible rea-
sons for this discrepancy include the presence of residual0
HX-values. Columns in light blue depict residues that show an increase in
ars are the mean5 SE of the y-intercepts in Fig. 2D. Orange columns depict
, within experimental uncertainty. Error bars are mean5 SE. Residues that
rk blue bars (arbitrarily set to 3 kcal/mol). Residues with amide protons that
with green bars. For residues where the protection is too weak to measure,
erage DG0u-value of 5.8 5 0.3 kcal/mol obtained from urea denaturation
copic DG0u-value of 7.2 kcal/mol after correction for proline isomerization
ugh a cooperative unfolding mechanism, corresponding to the light-blue
-value of 1.6 kcal/molM. The I-domain secondary structure (Fig. 2 A) is
I-Domain Hydrogen Bonding 2671structure in the denatured state that protects amide protons
from HX (30,38), a nonlinear dependence of DGspec,u on
denaturant concentration that causes an underestimation of
DG0spec,u when the data are extrapolated to the standard state
(34), and averaging of the spectroscopic (e.g., CD) signals
from stable and unstable elements of structurewhen a protein
undergoes subglobal unfolding (17,39). Interestingly, if we
average over the DG0HX,u-values obtained from the NSHX
experiment, we obtain a mean of 8.0 5 0.2 kcal/mol that
is close to the DGspec,u-value corrected for the D2O and
proline isomerization effects of 7.2 5 0.3 kcal/mol.
This suggests that DGspec,u corresponds to an average over
the range of DG0HX,u-values sampled in the NSHX experi-
ment (17).
The mHX-values from the NSHX experiments on the
I-domain are summarized in Fig. 3 B. The DG0HX,u- and
mHX-values from the NSHX experiment are strongly corre-
lated (Fig. S3), which suggests that the I-domain is undergo-
ing subglobal unfolding reactions (38–40). Thus, the
residues that contribute the most to stability are also the
ones with the greatest change in solvent exposure during
denaturation. In terms of the structure of the I-domain,
residues in the b-barrel give the largest DG0HX,u-values,
followed by residues in the smaller accessory structure
comprised of helix a1 and strands bi–biii (Figs. 3 A and
S3). Residues at the ends of the six b-strands that make
up the b-barrel also show lower DG0HX,u-values, compara-
ble to those in the accessory motif (Figs. 3 A and S3). The
residues with no dependence on urea concentration give
small DG0HX,f-values, with most of these occurring in the
accessory motif and at the ends of strands in the b-barrel
(orange in Fig. 3 A). Because the DG0HX,u and mHX param-
eters are correlated, the mHX-values show a similar,
albeit more pronounced, structural distribution. The largest
mHX-values are in the core of the b-barrel, with those from
the accessory motif and strand edges being ~50% smaller
(Fig. 3 B). Taken together, these results indicate that
the b-barrel core of the I-domain corresponds to a more
cooperatively stable unit of structure than the accessory
subdomain.1H and 15N amide temperature coefficients
distinguish H-bonds
NMR temperature coefficients are the slopes of the linear
changes in 1HN or 15N chemical shifts with temperature.
Studies of a number of folded proteins (23,41) have indi-
cated that amide protons participating in H-bonds give
1HN temperature coefficients more positive than 4.6
ppb/K, with a predictivity of 85–90% (22–24,41–43). 1HN
temperature coefficients also have been reported to be
sensitive to H-bond length (24). The predictive power of
1HN temperature coefficients for identifying H-bonds is
decreased by other temperature-dependent factors that
affect 1HN chemical shifts, such as ring-current effects,conformational averaging, and differences in the magnetic
environments of amide protons in a-helix and b-sheet struc-
tures (22). To better understand the relationship between
H-bonds and temperature-induced chemical-shift changes,
we determined both 1HN and 15N temperature coefficients
for the I-domain. Representative 1HN and 15N data are
shown in Fig. S4, A and B, and the temperature coefficients
of the I-domain are summarized in Table S2.
Of the 93 amide protons that are resolved in the 1H-15N
HSQC spectrum of the I-domain, 60 are H-bonded based
on independent data from solvent-exchange protection and
the 3D-lrHNCO experiment. In Fig. 4, the H-bonded amide
protons are indicated by black symbols, and the 33 that
are not H-bonded are shown with gray symbols. The 1HN
temperature coefficients of the I-domain range from 0.3
to 12.1 ppb/K. Consistent with previously published re-
sults (22), 91% of the amide protons that are H-bond donors
have 1HN temperature coefficients more positive than 4.6
ppb/K. The eight residues that do not follow this trend
are labeled in Fig. 4 A. Residues G247, T265, and N287
are false positives, with low temperature coefficients despite
the fact that they are not H-bonded. There are several
possible explanations for the aberrant behavior of these
amide protons. They could be H-bonded to solvent or to
moieties that would not be detected in the lrHNCO NMR
experiment, such as hydroxyl groups. Residues F275,
F280, L334, A339, and I342 are false negatives, with 1HN
temperature coefficients more negative than 4.6 ppb/K,
even though their amide protons are H-bonded. In fact,
F280 has the most negative 1HN temperature coefficient
in the I-domain at 12.1 ppb/K, even though it is H-bonded
and protected from solvent exchange. A distinguishing
feature of the false-negative residues is that they show large
R2ex spin-spin relaxation contributions in
15N relaxation
measurements (8), suggestive of conformational exchange
processes on the microsecond–millisecond timescale. The
conformational exchange processes are probably tempera-
ture dependent, so the amide proton signals would be shifted
with temperature even though they participate in H-bonds.
In addition to 1HN temperature coefficients, we also
measured 15N temperature coefficients to evaluate whether
they could better discriminate H-bonds (Fig. 4 B). The
15N temperature coefficients range from 56 to 26 ppb/K
and tend to be positive for H-bonded amide protons
(Fig. 4 B). Based on the average values of the 15N tempera-
ture coefficients for H-bonded and non-H-bonded groups, a
cutoff value of3.7 ppb/K or greater can be used to identify
amide protons that are H-bonded. In contrast to the 1HN
temperature coefficients, many of the 15N temperature coef-
ficients cluster within experimental uncertainty of the cutoff
value. With a cutoff value of 3.7 ppb/K, the 15N tempera-
ture coefficients can discriminate H-bonded from non-H-
bonded amide protons with an accuracy of 80% (73 of 90
residues). The 1HN and 15N temperature coefficients are
only weakly correlated (Fig. S5 A), indicating that theyBiophysical Journal 109(12) 2666–2677
FIGURE 4 Temperature dependence of I-domain 1HN and 15N chemical
shifts. (A) 1HN temperature coefficients. The horizontal bar shows the pub-
lished 4.6 ppb/K cutoff for H-bonded amide protons (22,23). Residues
with aberrant temperature coefficients are indicated. (B) 15N temperature
coefficients. The horizontal bar shows the 3.7 ppb/K cutoff for H-bonded
amide protons described in this work. H-bonded residues are shown in
black and residues that are not H-bonded are in gray. The secondary struc-
ture of the I-domain is shown, with the * symbols indicating residues with
H-bonded amide protons that are not part of regular secondary structure.
The mean5 SE is shown for all data points, but in some cases is smaller
than the symbols.
2672 Newcomer et al.depend on factors other than H-bonding. We hypothesized
that a combination of the two parameters could improve
the accuracy of H-bond identification. One possible
approach is to consider only residues where 1HN and 15N
temperature coefficients agree. This results in an improved
accuracy of 96% (three amide protons incorrectly predicted
out of 71), but requires one to discard the data for 22 amideBiophysical Journal 109(12) 2666–2677protons (24% of the total). Moreover, amide protons that are
not H-bonded and yet have large temperature coefficients
are a major limitation with the 15N data (Fig. 4 B). An alter-
native approach is to recognize that the 1HN data are more
accurate than the 15N data. Thus, we chose a method in
which 1HN temperature coefficients were primarily used
to predict H-bonds. If we identified a conflict between the
1HN and 15N temperature coefficients, the 15N temperature
coefficient superseded the 1HN temperature coefficient only
if it was larger than 10 ppb/K and the 1HN temperature
coefficient was greater than 7 ppb/K. In these cases,
the amide proton was assigned as H-bonded. With this
approach, only five amide protons (G247, T265, F280,
N287, and L334) were incorrectly predicted as compared
with our HX and lrHNCO data, resulting in an accuracy
of 95% for the 93 observable amide protons. In summary,
the 1HN temperature coefficients achieve an accuracy of
~91%, and this can be further improved to 95% by consid-
ering data for residues with large positive 15N temperature
coefficients.
We observed a weak negative correlation between
1HN temperature coefficients and N-O atom distance across
H-bonds, calculated from 3JNC’ couplings (19,44), in the 3D
lrHNCO spectrum (Fig. S5 B) that is consistent with reports
that 1HN temperature coefficients increase with decreasing
H-bond length (22,24). Besides H-bonding, we found a
weak positive correlation between 1HN temperature coeffi-
cients and S2 order parameters obtained from 15N relaxation
measurements (Fig. S5 C). The correlation probably occurs
because amide protons in the rigid portions of the I-domain
tend to be involved in regular H-bonded secondary structure,
whereas those in disordered segments are not H-bonded.
The 1HN temperature coefficients show no relationship
with the DG0HX-values from the NSHX experiments. The
DG0HX-values depend on the stability and deformability of
cooperative units of structure rather than the properties of
individual H-bonds.Urea binding by the I-domain
To probe the process by which urea causes the unfolding of
proteins, we next examined the urea-concentration depen-
dence of I-domain 1HN and 15N chemical shifts up to a
denaturant concentration of 2.8 M, where the protein re-
mains predominantly folded (Fig. 2 B). Representative
data for six I-domain residues are shown in Fig. S4, C
and D. Chemical-shift changes induced by urea showed a
mixture of linear and nonlinear responses. Sigmoidal and,
more rarely, hyperbolic chemical-shift changes with urea
were observed for 22 of 102 1HN signals and 35 of 98
15N resonances, as illustrated by residues V239, L261,
Q291, and I308 in Fig. S4, C and D. Residues with 1H
or 15N resonances showing a curved dependence on urea
concentration cluster mainly to the disordered D- and
S-loops, but some are found in regions of regular secondary
I-Domain Hydrogen Bonding 2673structure, with the accessory motif having a larger propor-
tion than the b-barrel. Parameters from fits of the nonlinear
urea titration curves to sigmoidal and hyperbolic binding
equations are given in Table S3. Because most residues
showed a linear relationship, and for consistency with the
temperature experiments, we also fitted all 1HN and 15N
signals to straight lines to obtain urea coefficients, i.e., the
slopes of the chemical-shift changes as a function of urea
concentration (see Fig. S6 and Table S2). Whereas the
slopes of 1HN shift changes with temperature were exclu-
sively negative, the urea titration experiments gave both
positive and negative slopes. In contrast to the temperature
coefficients, the 1HN and 15N urea coefficients showed no
significant differences between residues that were H-bonded
and those that were not. Moreover, the 1HN and 15N urea
coefficients were not correlated to the 1HN temperature co-
efficients, which were sensitive to H-bonding (Fig. S5 D).
These observations indicate that the 1H and 15N urea coeffi-
cients depend on factors other than H-bonding; rather,
the urea coefficients seem to be a function of structural
disorder. Some of the largest urea coefficients occurred
in the disordered loop segments of the protein that also
showed nonlinear behavior in chemical-shift changes due
to increased urea.
The curved or sigmoidal chemical-shift responses to urea
concentration are suggestive of weak urea-binding equi-
libria. To test this hypothesis, we recorded a 3D NOESY-
HSQC spectrum on the I-domain in the presence of 2.8 M
urea, where the protein is still predominantly folded
(Fig. 2 B). NOEs to urea at 5.76 ppm were seen for 31 of
112 resolved amide protons. Residues with NOEs to urea
occurred mostly in the unfolded segments of the protein,
i.e., the chain termini together with the D- and S-loops.
Although there is no one-to-one correspondence, these
regions also show the largest fractions of residues with
sigmoidal urea titration curves (Tables S2 and S3) along
with the largest 1HN and 15N urea coefficients (Fig. S6).
In addition to the disordered segments, two residues from
the accessory motif and five residues from the six-stranded
b-barrel show NOEs to urea. These occur at the ends of el-
ements of the regular secondary structure (Table S2). Repre-
sentative data from the 3D NOESY-HSQC for a 10-residue
segment in the I-domain are shown in Fig. S7. The data sug-
gest that there are specific binding sites in the I-domain for
urea. Most of these occur in the disordered segments of the
I-domain, but some are located at the ends of elements of the
regular secondary structure.FIGURE 5 Hierarchy of DG0HX-values mapped onto the I-domain struc-
ture: (A) all H-bonds, (B) DG0HX > 3.4 kcal/mol, (C) DG
0
HX > 6.5 kcal/
mol, and (D) DG0HX > 8.3 kcal/mol. The coloring scheme is the same as
in Fig. 2 A, but the secondary structure limits differ somewhat because
all H-bonds are considered not just those with dihedral angles for regular
secondary structure. Secondary structure elements, drawn if the stated
DG0HX stability criteria are satisfied for a segment of two or more residues,
are progressively reduced to show H-bonds with stabilities above the indi-
cated thresholds.DISCUSSION
The center of the I-domain b-barrel is the most
stably folded
The core of the six-stranded b-barrel motif is the most stable
structural unit in the I-domain, as indicated by NSHX exper-iments. This is followed by the structurally nonconserved
accessory subdomain, consisting of a short a-helix and three
short strands of b-sheet. The ends of the b-strands in the
b-barrel have stabilities comparable to those of the acces-
sory subdomain. H-bonds outside elements of the regular
secondary structure are the least stable, showing no solvent
protection (Table S1).
The stability hierarchy of the I-domain is summarized in
Fig. 5. Note that there are small one- to two-residue differ-
ences in the limits of the secondary structure elements from
the published NMR structure in Fig. 5 A (8). These occur
because b-strands and a-helices are defined by both
H-bonds and backbone dihedral angles in the NMR struc-
ture, whereas in this work we are considering only H-bonds.
The most significant difference is that strand biii in the
accessory domain appears to be contiguous with strand b6
in the b-barrel, running from N329 to L343 (Table S2).
By contrast, in the NMR structure, strand biii consists of
residues N329–T332 and strand b6 consists of A335–
L343, with residues S333–L334 comprising a two-residue
break of irregular structure. Fig. 5 B shows the I-domain
H-bonds with amide protons sufficiently protected to mea-
sure HX rates (DG0HX > 3.4 kcal/mol). Segments of the
I-domain that have little or no protection from HX includeBiophysical Journal 109(12) 2666–2677
2674 Newcomer et al.most of helix a1 and parts of strand bi in the accessory
domain, as well as the N- and C-termini of b-barrel strands
b1 and b6. Fig. 5 C shows the subset of amide protons with
DG0HX > 6.5 kcal/mol. The b-barrel segment of the
I-domain, except for the N-termini of strands 1 and 6, shows
amide proton protection above this threshold. Most of the
amide protons from the accessory subdomain, except for
strand biii, fall below the DG0HX stability threshold of
6.5 kcal/mol. Fig. 5 D shows the most stable amide protons
in the I-domain, with DG0HX> 8.5 kcal/mol. These occur in
the center of the five-stranded b-barrel structure.
A general correlation between solvent-exchange protec-
tion and the number of Ca-Ca contacts has been observed
for many proteins (45). This probably reflects the fact that
portions of the structure with the largest number of interresi-
due interactions are themost difficult to deform in the unfold-
ing transitions that allowHX.NSHX studies of three proteins
from the OB-fold family, a common protein fold based on a
five-stranded b-barrel (46), showed a positive correlation be-
tween stability described by the NSHX DG0HX parameters
and the density of Ca-Ca contacts in the structure (31).
Thus, the largest stability against HX occurs in the conserved
five-strandedb-barrel fold (31,47). A bioinformatics analysis
of 95 protein domains that share the OB-fold motif showed
that the conserved five-stranded b-barrel fold had a higher
density of Ca-Ca contacts than the nonconserved secondary
structure (47). Based on these results, a model of protein
structure evolution was proposed in which novel structural
features develop at the peripheries of conserved structure
motifs (47). Our NSHX results regarding the I-domain also
support this model, inasmuch as the structurally conserved
b-barrel was more stable against HX than the accessory
domain, which does not have a conserved tertiary structure
in structurally homologous proteins (8). Although the results
were not as pronounced as for the OB-fold proteins, on a per-
residue basis, the DG0HX-values of the I-domain correlated
with the number of Ca-Ca distance contacts per residue,
averaged over a window of five residues (R-value ¼ 0.40,
r < 0.002 for n ¼ 55). Thus, the stability of a structure in
the I-domain is related to its deformability, i.e., the number
of distance contacts that need to be disrupted to unfold the
structure.Interaction of urea with regions of the I-domain
Equilibrium denaturation experiments monitored by optical
spectroscopy (e.g., see Fig. 2 B) often give nonzero slopes
for the pre- and posttransition regions. These slopes have
been attributed to nonspecific solvent effects (48), although
in some cases structural transitions have been described in
denaturation pretransition regions (49,50). Compared with
optical spectroscopy, NMR offers the advantage of atomic
resolution. Whereas 1HN temperature coefficients more
positive than 4.6 ppb/K identify H-bonds in the I-domain
with an accuracy of ~90% (Fig. 4 A), the urea-concentrationBiophysical Journal 109(12) 2666–2677dependence of 1H and 15N chemical shifts shows no rela-
tionship with H-bonding (Fig. S6). Linear chemical-shift
changes with increasing urea concentration are seen for
the majority of residues in the I-domain. Approximately
45 of 103 residues (44%), however, show sigmoidal or,
more rarely, hyperbolic changes in 1H and/or 15N chemical
shifts with urea concentration. Representative linear and
sigmoidal curves are shown in (Fig. S4, C and D). The res-
idues with nonlinear curves are located mostly in the disor-
dered loops and at the interface between disordered and
structured segments, but some are also found in the folded
core. We fit the 1H and 15N signals with a nonlinear depen-
dence on urea concentration to hyperbolic or sigmoidal
binding curves to extract Kd-values for urea binding and
n-values (Hill coefficients) describing the cooperativity of
urea binding. The fitting parameters are given in Table S3.
The majority of the nonlinear curves (88%) are sigmoidal
rather than hyperbolic, indicating cooperative urea binding.
Cooperativity implies that as one urea molecule binds, it dis-
torts the structure to make additional urea-binding sites
available. The urea binding data in Table S3 show differ-
ences between ordered and disordered segments of the
I-domain, and smaller differences between the accessory
subdomain and the six-stranded b-barrel motif. The subset
of disordered residues, at the chain termini and D- and
S-loops, have S2 order parameters from 15N relaxation ex-
periments that are <0.85 (8). Considering the disordered
subset, the Kd-values for urea binding range from 0.4 to
1.2 M, and the n-values range from 1 to 3.5. By contrast,
for the ordered subset with S2 order parameters of >0.85,
the Kd-values range from 0.6 to 1.8 M urea, and the n-values
range from 1 to 11. The two subsets of residues show differ-
ences in the mean values of the Kd for urea binding (0.95
0.2 M for flexible, 1.15 0.2 for rigid, r ¼ 0.006) and in the
n-values describing the cooperativity of urea binding (2.35
0.5 M for flexible, 3.85 2.2 for rigid, r ¼ 0.01). Thus, the
ordered parts of the I-domain bind urea more cooperatively,
and the binding requires larger concentrations of urea than
the disordered segments. Within the subset of ordered resi-
dues, we also see significant differences (r ¼ 0.02) between
the mean Kd-values of sites in the accessory subdomain
(1.0 5 0.2) and in the six-stranded b-barrel (1.2 5 0.2).
Thus, the b-barrel binds urea the least readily, with the
accessory subdomain having an intermediate avidity
compared with the disordered segments. The differences
in n-values between the b-barrel and the accessory subdo-
main are not significant, probably because urea binding
disrupts similarly sized secondary structure elements.
Further evidence for the presence of multiple distinct
urea-binding sites comes from a 3D NOESY-HSQC spec-
trum collected in the presence of 2.8 M urea. NOEs to
urea have been previously observed for unfolded proteins
(50,51) and the folded state of bovine pancreatic trypsin in-
hibitor, where urea binding occurred at specific crevices and
pockets on the protein surface (52). In the I-domain, NOEs
I-Domain Hydrogen Bonding 2675to urea are seen primarily in the unstructured loops, in the
accessory subdomain, and at the edges of the strands that
make up the b-barrel core of the protein structure (Table
S2). The regions of the proteins that show NOEs to urea
also show the largest proportion of sigmoidal chemical-shift
responses and the largest chemical-shift changes with urea
(Fig. S6). Fig. 6 shows the structure of the I-domain co-
lor-coded according to the DG0HX (Fig. 6 A) and mHX
(Fig. 6 B) obtained from the NSHX experiments. Residues
that show NOEs to urea are shown as spheres in Fig. 6 A
and typically occur near the portions of the I-domain struc-
ture that have the smallest DG0HX- and mHX-values in the
NSHX experiments. These data suggest that the lower
stability in NSHX experiments may be linked to the higher
solvent accessibility and the higher affinity for urea binding
of these sites.FIGURE 6 Mapping of DG0HX- and mHX-values, and residues that show
NOEs to urea on the I-domain structure. (A) DG0HX-values mapped accord-
ing to the indicated color gradient. Black segments are those for which there
are no data. Note that the figure does not distinguish between residues that
exchange through a DG0HX,u and DG
0
HX,f mechanism. Residues that show
amide proton NOEs to urea are depicted with gray spheres. (B) NSHXmHX-
values with the indicated color gradient.A proposed mechanism for urea denaturation of
proteins
There are various models for how urea denatures proteins. In
one model, urea is suggested to unfold proteins indirectly by
disrupting the structure of water (53). Recent experimental
evidence and theoretical work, however, suggest that the
structure of water does not change to any great extent in
the presence of urea (54,55). In an alternative model, urea
is proposed to interact directly with the protein, although
whether the interactions are with hydrophobic side chains,
the polar backbone, or both remains unresolved (55–57).
Our results are consistent with a direct interaction between
urea and the I-domain at the urea concentrations in the
denaturation pretransition region used in this study. We
cannot exclude a change in mechanism for the major coop-
erative denaturation transition that occurs at ~3.5 M urea
(Fig. 2 B). In the pretransition region, urea appears to bind
preferentially to the disordered S- and D-loops of the
I-domain, suggesting that it has a higher avidity for unstruc-
tured polypeptides. As the urea concentration increases, the
unfolded state will be increasingly favored through the law
of mass action. If there were no differences in the interac-
tions of urea with different segments of the protein, unfold-
ing would appear as a two-state transition even in an NSHX
experiment. Conversely, if some segments bind urea prefer-
entially, these would be the first to unfold as observed in
the NSHX experiments. This could occur even at a urea
concentration where unfolding is undetectable by conven-
tional spectroscopic methods but observable by HX. In the
I-domain, as in other proteins, the first segments to unfold
are those with the lowest Ca-Ca contact densities, which
are likely also the most accessible to urea.
If urea promotes unfolding by binding to specific sites on
the protein, this raises the question of whether unfolding dif-
fers with different types of denaturants. For the I-domain,
this can be ruled out because the NSHX isotherms as a
function of urea concentration are all linear. Linear extrap-
olation of the NSHX isotherms to the standard state gives
DG0HX-values very similar to the DGHX-values measured
in D2O in the absence of urea. For proteins that exhibit
nonlinear NSHX isotherms, unfolding that is specific to
the type of denaturant could be more difficult to rule out,
but in principle, one could address this issue by performing
NSHX experiments with different types of denaturants.SUPPORTING MATERIAL
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